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Photonic crystal thin films were fabricated via the self-assembly of a lattice of silica spheres on silicon ͑100͒ substrates. Progressive infilling of the air spaces within the structure with GaAs was achieved using trimethylgallium and arsine under atomic-layer-deposition conditions. Samples with the highest levels of GaAs infill were subsequently inverted using selective etching. Reflectance spectra are interpreted via the Bragg expression and calculated photonic band structure diagrams. For GaAs infilled and inverted samples, the relative positions of the first and second order Bragg reflections are strongly influenced by the wavelength dependent refractive index. 4, 5 Materials that possess complete gaps may be particularly suited to the fabrication of novel filter or mirror-based devices, although the existence of well-defined "pseudogaps" in these materials, which effectively prevent light propagation in certain directions and not others, may also be of high technological significance, for example, in terms of waveguiding. 6 Infilling the void spaces within host photonic crystal lattices has been demonstrated with a wide range of materials using methods such as wet chemical impregnation, 7 chemical vapor deposition [8] [9] [10] ͑CVD͒, and, recently, atomic layer deposition ͑ALD͒. The ALD technique was demonstrated for the ZnO, 11 TiN, 12 and TiO 2 and ZnS:Mn ͑Refs. 13 and 14͒ systems and shown to produce uniform and highly conformal infill from which inverted opals were fabricated with good photonic properties. In this present study we extend the ALD methodology to III/V materials and, in particular, GaAs.
GaAs-based photonic crystals are of particular interest in terms of both the nature of the photonic gap produced in a high refractive index contrast medium and the possibility of coupling these effects with both linear and nonlinear optical processes such as second harmonic generation, which would be allowed in a material such as GaAs as a result of the direct band gap and the noncentrosymmetric nature of the bulk unit cell, respectively. 15 To date while several two dimensional photonic band gap structures have been fabricated using lithographic methods, reports of fabrication of three dimensional GaAs photonic crystals are limited 7 and there are no reports of growth by CVD or related methods.
In this present work we demonstrate that ALD methods based upon the use of a conventional metal organic vapor phase epitaxy ͑MOVPE͒ reactor may be used with a high degree of control to infill opal photonic crystals with GaAs. Furthermore the extent and uniformity of infill is such that subsequently, the opal host may be removed, creating a high quality GaAs inverse opal. We demonstrate that the optical properties of the resulting material may be understood via the Bragg equation which generally holds for such materials, provided that accurate refractive index and extinction coefficient values matched to the wavelength of features measured in the reflectance spectra are employed. In further support of the applicability of this simple Bragg model, we show that the observed behavior is consistent with that predicted via the modeling of the photonic band structure using the MIT photonic band ͑MPB͒ package. 16 Artificial opal thin films were assembled on silicon ͑100͒ substrates by controlled evaporation, utilizing monodispersed silica spheres ͑260 nm in diameter after sintering͒ prepared by the Stöber synthesis 17 Specular reflection measurements and electron microscopy confirm that the prepared opals exhibit high levels of uniformity. GaAs growth was performed in a horizontal reactor system ͑Thomas Swan Scientific Equipment single 2 in. wafer horizontal MOVPE reactor͒ maintained at 400°C and 200 torr using trimethylgallium ͑TMGa͒ and arsine ͑AsH 3 ͒ as precursors. Alternating gas pulses of TMGa ͑3 s͒ and AsH 3 ͑8 s͒ at flow rates of 5.3ϫ 10 −5 and 4.5ϫ 10 −3 mol min −1 , respectively, were separated by a hydrogen purge ͑2 s͒ to prevent the reactant gases from mixing in the gas phase. Abrupt switching of precursors was achieved using a pressure-balanced run-and-vent gas manifold. The flow rate of hydrogen through the reactor was 16 dm 3 min −1 throughout precursor pulsing and purging.
All samples were sintered under growth conditions prior to infiltration employing a 15 min temperature ramp designed to bring the substrate to growth temperature where it was held for a further 15 min prior to growth. The level of GaAs infill was tuned using an iterative process, varying the number of pulse sequences and calculating the infill using the Bragg expression. Inversion of infilled opal structures was achieved by immersion in 1% HF solution for 20 min. Optical characterization was performed by diffuse reflectance measurements, using a Brüker IFS66 spectrometer equipped with a variable angle reflectance stage, and Raman spectroscopy, using a Spectra Physics 2080/ 20s argon ion laser ͑514.5 nm͒ and a charged coupled device camera mounted on a Dilor XY 800 triple grating spectrometer. Figure 1 shows SEM images recorded after 200 and 800 ALD cycles, showing that the infilling of the voids between the silica spheres in the opal structure is initially rough but conformal and virtually complete after 800 cycles. The crystalline nature of the infilled material is demonstrated by the measured Raman spectra in Fig. 2 via the presence of the TO ͑263 cm −1 ͒ and LO ͑286 cm −1 ͒ phonons for GaAs. The assignment is supported by the presence of weak but characteristic crystalline GaAs features in the x-ray diffraction spectra. Figure 3 shows reflectance data for the bare opal sample and after varying numbers of ALD cycles. This figure reveals that for the bare opal the Bragg peak as measured at an angle of incidence of 12°from normal occurs at ca. 592 nm. As the number of ALD cycles is then increased, so the Bragg peaks shift progressively to higher wavelengths eventually reaching ca. 916 nm after some 800 cycles.
The position of the nth order Bragg peak ͑͒ is related to the effective dielectric constant of the material ͑ eff ͒, the weighted sum of the dielectric constant components, the lattice parameter ͑d 111 ͒, and the angle of incidence by the expression
͑2͒
where n x and k x are the refractive index and extinction coefficient of the component x, respectively. Using Eqs. ͑1͒ and ͑2͒ and n and k values of 3.57 and 0.00, respectively, it is possible to estimate that after 800 cycles, the contribution to the composite dielectric constant from air is approximately 9%. Thus it may be concluded that the voids between the silica spheres are more than 90% infiltrated with GaAs. It should be noted that due to geometric considerations it is generally accepted that conformal growth within a face-centered-cubic opal structure will create air pockets within the voids that occupy 3.6% of the available space thus making the maximum theoretical infill 96.4%. The spectrum obtained after some 200 cycles shows no Bragg peak. This result is a convenient way of demonstrating the photonic crystal nature of these samples, because the levels of GaAs infill for this sample are such that the weighted average dielectric constant of the material occupying the voids in the opal, i.e., ͑n 2 − k 2 ͒ GaAs + ͑n 2 − k 2 ͒ air , is now equal to the dielectric constant of the silica. Thus this material possesses no refractive index contrast and as such the Bragg reflection is absent. From Eqs. ͑1͒ and ͑2͒ it may be estimated that the level of infill at this point is ca. 26%. Peak positions, absolute reflectivity, and calculated levels of infill with their corresponding values of n and k are tabulated in Table I for a range of ALD cycle numbers.
Also of note is the appearance of lower wavelength features in the spectra for sample produced with higher levels of infill. These features could be assigned as second order peaks of the Bragg reflection, i.e., when n = 2 in Eq. ͑1͒. However, the shift from the simple 2 relationship predicted by the Bragg equation can only be partially explained by the significant variation in refractive index and extinction coefficient of GaAs with wavelength, varying from n = 4.4 to 3.5 and k = 2.0 to 0.0 across the region studied ͑400-950 nm͒. 18, 19 Furthermore, when infiltration calculations between the first and proposed second order features are compared ͑Table I͒ there is considerable disparity, with the second order features consistently overestimating the infill. This leads to the conclusion that the features are not purely due to a second order process but the convolution of 3 . ͑Color online͒ Diffuse reflectance spectra of opal thin films for ͑a͒ a bare opal ͑0% infill͒ ͑blue line͒, ͑b͒ 15% infill ͑green line͒, ͑c͒ 26% infill ͑gray line͒, ͑d͒ 67% infill ͑black line͒, and ͑e͒ 91% infill of GaAs ͑red line͒. Note the progressive redshift of the first order Bragg peaks as the infill level increases. At higher levels of infill the partially unassigned secondary features shift into the accessible spectral window.
FIG. 1. SEM images of cleaved synthetic opals after ͑a͒ partial infill ͑200 cycles͒, ͑b͒ near total infill ͑800 cycles͒, and ͑c͒ inversion.
more than one band. This argument is supported by the broadness and hints of structure exhibited by these spectral features.
Turning now to a comparison between experimental result and theory, Fig. 4 shows the photonic Brillouin zone predicted for a GaAs inverted structure calculated using the MIT photonic band package 16 using a face-centered-cubic lattice with 260 nm spheres, n = 3.62, and k = 0.0. The singular refractive index value used in the calculations was chosen to match the Bragg reflection peak observed for the inverted structure. The calculated Brillouin zone can be directly compared to reflection data displayed in Fig. 4 from which it is evident that there is good agreement with the position of the first order Bragg reflection and the pseudogap between the second and third bands ͑between the U and L points in the Brillouin zone͒. The broad spectral feature at ca. 6 ϫ 10 14 Hz, which is unlikely to be purely a second order Bragg peak, could have a contribution from a full gap between the eighth and ninth bands. This argument is supported by the presence of a shoulder on the broad secondary feature at ca. 4.5ϫ 10 14 Hz that can be attributed to a pseudogap between the fourth and fifth bands ͑between the U-L and ⌫-L points in the Brillouin zone͒. However, assignments of these higher order bands should be treated with caution as the dispersions in n and k are not considered at these wavelengths
In this letter we have described the production and characterization of the first CVD grown GaAs silica opal structure by employing an ALD protocol. It has been demonstrated that ALD is an excellent method for the tunable infiltration of GaAs into silica opal thin films, uniformly penetrating throughout the structure to give fractional infill of up to ca. 91% of the available space. Optical measurements confirm the level of infill and nature of the material. In addition, for an inverted GaAs opal, comparison of the optical measurements with theoretical calculations demonstrates reasonable agreement with the predicted band structure, although unambiguous identification of higher energy features has not yet been achieved. 
